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Abstract 
 
The behaviour of transition metal ions in beaverite mineral has been studied by 
spectroscopic techniques such as electron paramagnetic resonance and absorption 
spectroscopy in the UV-Vis and NIR regions.  The ground state of Cu(II) ion in beaverite 
is confirmed as 2BB1g since g// >  (2.42 > 2.097).  A resonance noticed at g = 2.017 is 
ascribed to Fe(III) impurity.  Two sets of three characteristic bands observed in the 
optical absorption spectra are assigned to the same transitions, B1g
⊥g
2
B  →2A1g, 2BB1g → B22 B  
and 2BB
                                                
1g → E2 g of Cu(II) ion in tetragonal field.  The presence of Fe(III) bands is 
supportive evidence for iron impurity in the mineral.  Mid infrared spectrum is due to 
overtones and combination tones of water and hydroxyl groups. 
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1. Introduction 
 
    Copper group minerals are interesting because that have gained the attention of 
many researchers due to their growing technological importance and desirable 
applications in several branches of science and technology.  Copper exhibits interesting 
spectroscopic properties such as Jahn-Teller distortion, different ground states depending 
on the nature of ligands, dimeric nature similar to the one found in enzymes etc.  
Electronic and magnetic properties of minerals depend on the oxidation state and the 
environment of the paramagnetic impurity.  These minerals can be studied using electron 
paramagnetic resonance (EPR) and optical absorption spectroscopy, as they contain 
unpaired electrons.  Optical absorption studies of these minerals give rise to ligand field 
absorption energies, which sensitively reflect the distortion from cubic, octahedral and 
tetrahedral co-ordinations. 
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Beaverite is an uncommon secondary mineral in the oxidized zone of Pb–Cu 
deposits. It occurs in association with olivenite, conichalcite, duftite, beudantite, 
osarizawaite, hidalgoite, corkite, carminite, bindheimite, plumbojarosite, bayldonite, 
brochantite, chrysocolla and galena [1].  It belongs to alunite group.  Beaverite, 
PbCu2+(Fe3+,Al)2 (SO4)2(OH)6 or Pb(Fe3+,Cu,Al)3(SO4)2(OH)6 (In the literature both the 
formula are there? Select one) is hexagonal and belongs point group: 3 2/m. and its space 
group is  R3m.  The unit cell parameters a = 0.7205(5) c = 1.6994(32) nm Z = 3.  The 
mineral contains Al, Cu and Fe.  The chemical analyses of the sample from Horn Silver 
mine, Beaver country Frisco, Utah, USA indicate that weight percentage of Fe2O3 is 
19.13 and that of CuO is 10.74 [1].  In this study, the authors made an attempt to 
determine the valency state of copper and iron and the site symmetry using EPR and 
optical absorption spectroscopic features of beaverite mineral. 
 
2. Experimental  
 
Grayish black to iron black colored beaverite sample, originated from Horn Silver 
mine Utah, USA (gifted by Herman GOETHALS, Mineralogy, Vautierstreet 29, 
Brussels, Belgium with catalogue no: RV6/382) is used in the present investigations.  
EPR spectra of the powdered sample are recorded at room temperature (RT) on JEOL 
JES-TE100 ESR spectrometer operating at X-band frequencies around 9.41 GHz and 
having a 100 KHz field modulation to obtain a first derivative EPR spectrum.  DPPH 
with a g value of 2.0036 is used for g factor calculations.  Optical absorption spectrum of 
the compound is recorded at RT on Carey 5E UV Vis-NIR spectrophotometer in mull 
form in the range 200-2000 nm.   
 
Spectroscopic manipulations such as baseline adjustment, smoothing and 
normalization were performed using the Spectracalc software package GRAMS (Galactic 
Industries Corporation, NH, USA).  Band component analysis was undertaken using the 
Jandel “PEAKFIT” software package which enabled the type of fitting function to be 
selected and specific parameters to be fixed or varied accordingly.  Band fitting was 
carried out using a Lorentz-Gauss cross product function with a minimum number of 
component bands used for the fitting process.  The Lorentz-Gauss ratio was maintained at 
values greater than 0.7 and fitting was undertaken until reproducible results were 
obtained with squared correlations of r  greater than 0.9935. 2
 
3. Theory 
  
Divalent copper has the electron configuration 3d9 (2D).  In an octahedral 
crystalline field, this state splits into two degenerate eg levels ( ׀x2-y2› and ׀z2-y2›) which 
are lowest in energy and three degenerate t2g levels (׀yz›, ׀xz› and ׀xy›) at energies Ex, Ey 
and Ez above the ground level.  The 2Eg level should be highly susceptible to a Jahn-
Teller configurational instability [2] so it is expected that no regular octahedral 
coordination should exist.  
In other words, in an octahedral crystal field, the corresponding ground state 
electronic configuration is t2g6eg3 which yields 2Eg term.  The excited electronic 
configuration, t2g5eg4 corresponds to 2T2g term.  Thus only one single electron transition 
 2
2Eg  →  2T2g is expected in an octahedral crystal field.  Normally, the ground state term 
2Eg is split due to Jahn-Teller effect and hence lowering of symmetry is expected for 
Cu(II) ion.  Hence, this state splits into 2BB1g(dx2-y2) and A2 1g(dz2) states in tetragonal 
symmetry and the excited term T2 2g also splits into B2g2 B (dxy) and 2Eg(dxz,dyz) levels.  
However, in rhombic field, the 2Eg ground state splits into 2A1g(dx2-y2) and 2A2g(dz2) 
whereas 2T2g splits into 2BB1g(dxy), B2g2 B (dxz) and 2BB3g(dyz) states.  Thus, three bands are 
expected for tetragonal (C4v) symmetry and four bands are expected for rhombic (D2h) 
symmetry [3].  The wave numbers of the three transitions in the tetragonal field are given 
by the following equations [3]  
 
 2BB1g → A2 1g  : 4Ds + 5Dt 
  
                  2BB1g → B2g2 B   : 10Dq 
 
 2BB1g → E2 g  : 10Dq + 3Ds -5 Dt 
 
In the above formulae, Dq is crystal field and Ds, Dt are tetragonal field parameters.   
 
Ferric iron, Fe(III), has the electronic configuration Ar (3d5) with a half filled d-
shell having one unpaired electron in each of the orbitals.  Hence, the ground state 
configuration is  and has only spin forbidden d-d transitions.  These occur from the 
ground state 
3
2gt 2ge
6A1g(S) to the excited states 4T1g(G), 4T2g(G), 4A1g(G) 4E(G), 2T1g(D), 4Eg(D) 
and 4T1g(P) states in regular octahedron sites.  The degeneracy of E and T states being 
lifted with lower symmetry crystal fields.   
 
4. Results and discussion 
 
UV-Vis spectroscopy 
 
The optical absorption spectrum of beaverite mineral is shown in Fig. 1(a) and 
NIR spectrum is shown in Fig. 1(b).  The optical absorption spectrum shows energies at 
8350 (This is not shown in Fig. 1(a)), 10480, 11550, 13125, 14535, 16255, 18848 and 
21050 cm-1.  The optical absorption spectrum is analysed based on chemical analysis of 
the mineral.  The bands are divided into three sets for easy analysis of the spectrum.  The 
bands at 8350, 10480 and 13125 as first set, 11550, 13125 and 16255 as second set and 
14535, 18840 and 21050 cm-1 as third set.  
 
The bands observed at 8275, 10270 and 13020 cm-1  in the first set and 11550, 
13125 and 16255 cm-1 in the second set are attributed to the same transitions from 2BB1g to 
E2 g, B2g2 B  and 2A1g respectively for Cu(II) ion.  Based on these assignments, the octahedral 
field (Dq) and tetragonal field (Dt and Ds) parameters, evaluated using the formulae 
given in the literature, are given in Table 1.  The same sign obtained for Dq and Dt 
indicates an axial elongation in the tetragonal field and also confirms the ground state 
[4,5].  These values are in good agreement with the earlier reported data [6-9].   Since the 
molecule contains three Pb ions for unit cell, one can think of Cu(II) replacing lead in the 
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mineral structure.  Since, three copper ions are present, two will form one set and the 
other form another set.  This may be the reason for obtaining two types of copper(II) ions 
in the optical spectrum.  In addition, the intensity of one set is more than the other 
suggesting that two copper ions forms one set and another single other set.  However, this 
will be confirmed by EPR studies.   
  
The bands observed at 14535 and 18840 cm-1 in the third set are assigned to the 
transition 6A1g(S) → 4T1g(G),  4T2g(G).  The third band at 21050 cm-1 is assigned to 
6A1g(S) → 4E(G) transition.  These bands are characteristic of Fe(III) ion occupying an 
octahedral environment in the mineral.  Using the Tree’s polarization term α = 90 cm-1 
[10], the  energy matrices of the d5 configuration are solved for various B, C and Dq  
values.  The evaluated parameters which gave good fit are B = 700, C= 2800, Dq = 975 
cm-1.  The calculated and observed energies of the bands and their assignements are also 
presented in Table 1. 
 
Table 1 
Observed and calculated energies of the bands with their assignments in beaverite 
 
            For Cu(II):    Site I Ds = 1571, Dt =  413 and Dq = 1048 cm-1
                               Site II Ds = 2097, Dt = 632 and Dq = 1313 cm-1 
For Fe(III):   Dq = 975, B = 700,  C = 2800 cm-1 with  ∝ = 90 cm-1 
 
 
For Cu(II) Site I Site II 
Wave number (cm-1) Wave number (cm-1) Wave 
length 
(nm) Observed Calculated
Wave 
length 
(nm) Observed Calculated 
Transition 
from 
2BB1g 
 
1197 
 
954 
 
762 
8350 
 
10480 
 
13125 
8349 
 
10480 
 
13128 
866 
 
762 
 
615 
11550 
 
13125 
 
16255 
11548 
 
13130 
 
16261 
 
2A1g 
 
 2BB2g 
 
 2Eg
Wave number (cm-1) Wave length 
(nm) 
For Fe(III) Observed
 Calculated 
Transition 
From 
6A1g
687 
 
530 
 
475 
14535 
 
18840 
 
21050 
              14470 
 
18796 
 
22765 
      4T1g(G) 
 
4T2g(G) 
 
4E(G) 
 
 
NIR spectrum  
 
The Near-IR spectral regions are divided into two regions (a) high wave number 
region >8000 cm-1 where bands appear due to electronic transitions of copper and iron 
and (b) low wave number region 7900-5000 cm-1 bands are of vibrational origin.  The 
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bands in the Near-IR spectrum are shown in the Fig. 1 (b).  Vibrational spectrum in the 
low wave number region 7900-4000 cm-1[Fig.1(b)] contains many significant absorption 
features.  The bands in high wave number region between 7700 and 6300 cm-1 are 
attributed to the first overtone of the fundamental hydroxyl-stretching mode.  Water in 
fluid inclusions in the beaverite probably causes these bands [11].  The weak band 
observed at 5655 cm-1 is identified as overtone of the H2O molecule.  The prominent 
features involve the fundamental stretching combined with the fundamental Cu-O-H bend 
to give the band at 4790 cm-1 with the first over tone of the bend at 5830 cm-1.  The band 
at 4230 cm-1 is due to the fundamental bending mode combined with the lowest 
frequency of OH stretching fundamental.  The band at 5167 cm-1 is the combination of 
the frequency lattice modes with the combination band at 4790 cm-1 [11].   The bands in 
the lower wave number region at 4530 and 4330 cm-1 are assigned to the combination of 
the stretching and deformation modes of the beaverite mineral.  The unassigned band at 
4030 cm-1 might be due to metal-oxygen absorption.  
 
EPR Spectra 
  
The EPR spectra of powdered sample of beaverite recorded at room temperature 
in X-band frequencies, at different scan ranges are given in Fig. 2(a) and Fig. 2(b) 
respectively.  Fig. 2(a) is expanded version of Fig. 2(b).  From the spectrum given in Fig. 
2(a), the calculated g values are: g// = 2.42 and = 2.097.  In addition to this in Fig. 2(a), 
a resonance is noticed at g = 2.017 which is due to Fe(III) impurity in the mineral.   Fig 
2(b) indicates only copper resonances and not iron resonances, due to overlap of lines.  It 
indicates that the mineral contains a very high percentage of copper than the iron.  As the 
mineral contains high percentage of copper the hyperfine lines due to 
⊥g
63Cu and 65Cu 
nuclei could not be resolved.  If g// > , the ground state is ⊥g
2BB1g, where as if >g⊥g // or g// 
= 2.00, the ground state is A2 1g.  Further, tetragonal cupric complexes with D4h generally 
have g// (corresponding to the magnetic field along the Z axis of the complexes) 
> >2.04 have the ground state  [12-14].  In the present case g⊥g 22 yxd − // > >2.00 (2.32 
>2.076>2.0023) and hence the ground state is B1g
⊥g
2
B  ( ).  As mentioned in the optical 
spectrum, two sets of resonances from two copper sites are not resolved in EPR spectrum, 
due to the very high concentration of the copper impurity.  A single crystal work will be 
helpful to solve this problem.   
22 yx
d −
 
The EPR results can be correlated with optical data to obtain orbital reduction 
parameters using the formulae [15]  
g//= 2.0023 - ⎟⎟⎠
⎞
⎜⎜⎝
⎛
Δ 1
8
E
λ   and  
   = 2.0023 -  ⊥g ⎟⎟⎠
⎞
⎜⎜⎝
⎛
Δ 2
2
E
λ .  
 
Here  is spin orbit coupling constant and is equal to -830 cmλ -1 for a free Cu(II) ion.  By 
assuming a value of λ  = -620 cm-1 and using g// and ⊥g  obtained from EPR spectrum, the 
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energies  and 1EΔ 2EΔ  corresponding to the transitions → d22 yxd − xy and → d22 yxd − yz.  
are calculated as 11874  and 13093 cm-1.  These values agree well with the observed 
values (second set of energies 11550 and 13125 cm-1).  Using the above data, a new 
parameter [16] G, defined as G =(g11 - ge)/( -g⊥g e) has been calculated to be 4.4.  If G 
value falls in between 3 and 5 the unit cell contains magnetically equivalent ions.  If G 
value is less than 3, the exchange coupling among the magnetically non equivalent Cu(II) 
ions in the unit cell are not very strong.  If G is greater than 5, a strong exchange coupling 
takes place among the magnetically non equivalent Cu(II) ions in the unit cell. [17-20].  
In the present case G = 4.4 indicate that the unit cell contains magnetically equivalent 
ions. 
 
Conclusion 
 
1.  The chemical analysis of the sample indicate that iron and copper (Fe2O3 = 19.13 and 
CuO = 10.74 wt %) being a major constituent of the mineral with copper as minor 
constituent. 
 
2. The optical absorption spectrum of mineral beaverite is due to copper and iron.       
Copper is present in two sites.  The two metal ions are in distorted octahedron      
environment. 
 
3. Near infrared spectra is due to water fundamentals and supports the formula of the 
mineral.   
 
4.  The EPR results confirm the presence of copper in +2 state with tetragonally distorted      
environment in the mineral and iron is in +3 state in distorted octahedron.  Further       
divalent copper in the unit cell contains magnetically equivalent ions.  The EPR      
results and optical absorption spectral results are well agreeing.  Due to high 
concentration of copper, two sites noticed in optical spectrum are not resolved in EPR 
spectrum.   
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Fig. 1(a). Optical absorption spectrum of beaverite in the UV-Vis region at RT. 
 
Fig. 1(b). Near infrared spectrum of beaverite at RT 
 
Fig. 2(a) and (b) Room temperature EPR spectrum of beaverite at two scan ranges. 
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